Several recent inversion studies have clearly indicated the lack of resolving power of the normal mode data set and the possible trade-offs among the various parameters. These studies have also shown that the final model is as dependent on the starting model as on the data set. It is therefore important to incorporate body wave data into any inversion scheme not only to gain resolution but also to reduce trade-offs between density and velocity. An earth model based on special studies of the structure of the mantle and core is inverted to be consistent with both body wave data and a representative set of normal mode observations ( 
body wave profiles as starting models in a gross earth inversion, and to allow them to be modified as necessary to satisfy the gross earth data. We make no pretense that the fine structure in the starting and final models is required by the normal mode data set.
THE STARTING MODEL
The basic starting model is a modification of the Helmberger and Wiggins [1971] and Helmberger and Engen [1974] structures for the upper mantle, B1 for the lower mantle, and B1 and Whircomb [1973] for the core. Whircomb [1973] constructed his core model from observed dt/dA's, relative amplitudes, and arrival times of ?K?, ?KiK?, $KS, and $KK$, utilizing a recent mantle model [Jordan and Anderson, 1974] for the required stripping to the surface of the core. He discusses at length previous core studies. A crust and uppermost mantle model was derived which is an average of the tectonic subdivisions of the earth. It includes a 3-km-thick water layer in order to overcome the objections of Hales [1974] . It has a 40-km-thick lid (the mantle part of the lithosphere), a 58-kmthick lithosphere, pronounced low-velocity zones for both P and S, and discontinuities or rapid increaseg in velocity, near 375,500, and 670 km. The latter discontinuity was made sharp in order to satisfy P'P' precursor reflection data [Engdahl and Flinn, 1969; Whitcomb and Anderson, 1970] .
Model B1 of Jordan and Anderson [1974] represented the 'shortest smooth perturbation' from a simple initial model that incorporated the major seismic discontinuities (400 and 600 kin) found from previous body wave and surface wave studies [Anderson and Toksbz, 1963; Niazi and Anderson, 1965; Julian and Anderson, 1968; Johnson, 1967] and that upon inversion satisfied the normal mode data set of Dziewonski and Gilbert [1972] and a large body of supplementary data including travel times, apparent velocities, and group velocities. The starting model had an adiabatic and homogeneous lower mantle and outer core. The starting, or initial, model for the present study incorporates fine structure of the upper mantle [Helmberger and Wiggins, 1971; Helmberger and Engen, 1974] , uppermost lower mantle [Hart, 1975] , and core [Whitcomb, 1973] which is unresolvable by the normal mode data set. In addition, we modified the starting V•, model to be consistent with the Pn data. The starting density model contains discontinuities in the upper mantle at the depths of the seismic discontinuities.
It should be emphasized that in linear inversion the starting model is as important as the data set. Our starting model incorporates features found by techniques which have an intrinsic greater resolving power than the gross earth data set itself. The inversion technique that we used is identical to that described by Jordan and Anderson [1974] . For the forward part of the calculations we used programs written by Martin Smith.
The radius of the core was fixed at 3485 km, the value determined by Jordan and Anderson [1974] and verified by Engdahl and Johnson [1974] . This core radius is also consistent with the solutions of Hales and Roberts [1970] and Gilbert and Dziewonski [1975] . It is about 12 km larger than earlier determinations, such as that of Jeffreys and Bullen [1940] , but agrees with one of the solutions of Hales and Roberts [1970] .
As a first step we inverted the toroidal mode data for shear velocity and density, thus removing the coupling between and Vs. We then inverted using a combination of toroidal modes and the spheroidal modes that are particularly sensitive to shear velocity, checking against ScS-S and the shape of the shear wave travel time curve .at various stages. Once these data are satisfied, we have an accurate shear velocity profile and a first approximation to the density perturbation. Modes that are sensitive to compressional velocity and density were then inverted for these parameters, with checks being made at various stages of the iterative process against body wave data such as PcP-P, P wave residuals, and differential core times. The perturbations in density at this stage affected the fits of the toroidal modes, since they are slightly dependent on density. They were consequently reinverted. Modes that are strongly affected by all three parameters were inverted at the end of each iteration cycle in order to decrease the coupling between parameters. More and more higher spheroidal overtones were incorporated into the data set as the number of iterations increased, until it became clear that the fit to the more accurate and complete lower-order data was starting to degrade, while the model itself was almost indistinguishable from earlier iterations. Satisfactory convergence was achieved after about eight iteration cycles and a total of 32 iterations on various subsets of the data. All the modes and body wave parameters were then recomputed. This procedure, although cumbersome, seems preferable to inverting simultaneously for all parameters by using all the normal mode data with equal weight. Gilbert and Dziewonski [1975] do not yield reliable estimates of the errors. We follow the latter authors in assuming that 0.05% is a minimum error but otherwise adopt the published error estimates. In many cases the tabulated error is much less than one would infer by comparing the various data sets. The eigenperiods and estimates of their errors are tabulated in Although they are not used in the inversion, we have spotchecked modes in each overtone group up to the 22nd spheroidal overtone. Agreement is satisfactory.
RESULTS OF THE INVERSION
The final model, designated C2, fits the toroidal data set, 192 modes, with an average error of 0.09% and the radial-spheroidal data set, 208 modes, with an average error of 0.07%. A summary of the fit is given in Table 1 . The complete data set along with computed periods for C2 is given in Table 2 . The fits to 0S2-oS•.9 and oT•.-oT•o, the fundamental modes, are 0.03% and 0.05%, respectively. These are generally the best-excited and most accurately determined modes, and it is important that they be fit well. More determinations have also been made of these modes, and they therefore represent a better gross earth average than some of the higher modes for which, in many cases, only a single observation is available. Fifty-two of the modes, or 13%, are fit to better than 1 part in 10,000, and 282 modes, or 71%, are fit to 1 part in 1000; 244 modes, or 61%, are fit to 1 standard deviation, and 343, or 86%, are fit to 2 standard deviations. Although this represents a good overall fit, it is not as good as it should be if all the data are independent and if the error estimates are reliable. In spite of the great increase in the normal mode data set there are still some modes whose identification or period assignment is questionable. Of the present 400-mode data set there are 40 modes that are not fit well (>0.15% error) by either C2 or 106613 of Gilbert and Dziewonski [1975] in order to obtain a more representative gross earth data set. Table 3 gives the values obtained for oT•.
•-oT46 by averaging the above data sets with equal weight. The error is the standard deviation of the data groups and does not include the errors associated with the individual groups. Table 2 also gives some spot checks of the very high spheroidal overtone data (37 modes). These additional modes were not used in the inversion, but the fit is comparable to that of the models of Gilbert and Dziewonski [1975] . showing that the additional modes cannot resolve the detail which is apparent from body wave studies. Additionally, when B I was subjected to reinversion with the use of all 1066 modes, there were very few changes required, usually amounting to less than 0.05%, and the changes introduced in the upper mantle were in the same direction and generally of the same nature as the differences between C2 and BI. We feel therefore that our procedure of using high-resolution body'wave structures as starting models in the inversion and checking the resulting model against both the very high overtone data and the body wave data is at least equivalent to, and perhaps better than, a procedure that relies exclusively on the short-period higher-mode data. The fact that the lower mantle and core of C2 are very similar to those of the Gilbert-Dziewonski models, which were based on all 1066 modes, justifies this approach.
THE RESULTING MODEL
The inverted model, C2, is shown in Figures I and 2 . The model parameters are given in Table 5 •There is some evidence for inhomogeneity in the outer core, at both its upper and its lower boundaries. The velocity gradient is about 0.24 km/s per 100 km at the top of the core decreasing to 0.13 km/s at a radius of 2800 km or about 700 km deep into the core. The gradient then decreases gradually to 0.08 km/s per 100 km at a radius of 1700 kin. The velocity increases much more slowly, 0.03 km/s per 100 km in the lowermost 500 km of the outer core. A similar effect occurs in the density profile, with a relatively high density gradient in the outer portion of the core compared with that at deeper levels.
It is of interest to compare the lower mantle and core of C2 with 1066A and 1066B [Gilbert and Dziewonski, 1975] . Gilbert and Dziewonski [1975] utilized the complete high-overtone data set, while we leaned more heavily on the nominally equivalent body waves and the more abundant fundamental and lower-overtone data and only utilized a sparse sampling of the high-overtone data. Below a radius of 5600 km the mantle shear velocities and densities for these models are virtually identical. The P velocities differ at most by 0.2 kin/s; the main difference is that the P velocity for the 1066 models has a long wavelength oscillation, while that of the C2 is much smoother. Dziewonski et al. [1975] , using the full mode data set, also have a smooth lower mantle for V•,. The density and V•, in the core are also in very good agreement. There are small differences in the inner core for V•, and Vs. In C2 the slight structure for V•, in the inner core, particularly the rapid increase in the outer portion, is inherited from the starting model of Whitcornb [ 1973] and is therefore a requirement of the core phases rather than of'the modes. The differences between C2, 1066A, and 1066B in the inner core are probably unresolvable by using the modes alone. The differences are slight. For example, Vp at the top of the inner core ranges from 10.97 km/s (1066A), 11.04 km/s (1066B), and 10.89 km/s (C2), a spread of 1%. The central V•, is 11.34 km/s (1066A), 11.28 km/s (1066B), and 11.17 km/s (C2), also a spread of 1%. The average Vs for the inner core is 3.57 km/s (1066A), 3.50 km/s (1066B), and 3.48 km/s (C2). The major difference among the models is the density of the inner core. This is not unexpected, since the resolving power for density is very poor in this region. This is unfortunate, since the density is the main constraint on the composition of the inner core. If the density jump at the outer core-inner core boundary is small, as in C2, then the inner core can be the same material as the outer core, since freezing at core pressures can be expected to increase the density only slightly. If the density jump is large, then it is probable that the inner core is lacking in the light elements that are required to satisfy the outer core densities. Average inner core densities are 13.12 g/cm 3 (1066A), 12.85 g/cm • (1066B), and 12.35 g/cm a (C2). The density of iron at inner core pressures is about 12.9-13.4 g/cm a. [1968] . The discrepancies between the various body wave studies confound efforts to determine differences between the 'average' mantle (free oscillations) and tectonic to continental paths (most body wave studies), but the present study combined with the most recent body wave data suggests that the average earth is about 0.6 s slower than that portion of the earth available to study by body wave techniques, i.e., continental sources and receivers. were determined from differential PcP-P times and the B1, and C2, core radius, this difference must be accounted for in mantle velocities. In fact, the 1968 tables average 1.5 s faster than C2 for P waves between 30 ø and 95 ø. Within the uncertainty of the data, no statement can be made from PcP data regarding the differences between the average earth and the body wave solutions. The C2 PcP-P times (Table 9) ilmenite, perovskite, and mixed oxide assemblages. The lower mantle between depths of about 1500 and 2600 km is relatively homogeneous. Velocity gradients, and possibly the density gradient, in the lowermost 300 km of the mantle are less than in the rest of the lower mantle. This could be due to temperature or compositional gradients in this region. A high temperature gradient could result from heating by the core. The core efficiently brings heat to the base of the mantle both by conduction and by convection, but heat is not easily transported across the boundary because of the more insulating nature of silicates. A high temperature gradient at the base of the mantle is therefore to be expected. The U and Th content at the base of the mantle may also be high [Anderson, 1972 [Anderson, , 1975 Anderson and Hanks, 1972] . There is also the possibility that the bulk chemistry of this region is more refractory than is that of the normal mantle [Anderson, 1972] . 
SUMMARY
An earth model based on high-resolution body wave studies has been inverted with the use of a representative set of 400 normal mode periods including many higher modes. The resulting model, designated C2, satisfies the free oscillation data with an average error of about 0.08%. It is also in agreement with a large body of travel time, apparent velocity, and differential travel time data. Although there is a large spread in body wave solutions, there is a suggestion that the average earth, mainly oceans, is slightly slower than that part of the earth available for body wave inspection, mainly tectonic to continental paths.
Model C2 has pronounced low-velocity zones for both P and $, a relatively high-density and high-velocity upper mantle lid, and transition regions near 375-425,500-550, and 650-675 km. There is also moderate structure between 700 and 1200 km and slight inhomogeneity on both sides of the mantle-core and outer core-inner core boundaries. The V•, and density jump at the outer core-inner core boundary is small. The radius of the inner core is probably slightly larger than the 1215 km given by 
